Cercospora canescens (Ellis and Martin) is a hemibiotrophic pathogen causing leaf spot disease on mungbean (Vigna radiata L). Genome sequence (~33.97 Mb) assembled in 8239 contigs with 10627 protein coding genes. A total of 2842 proteins were identified as homologous of 223 predicted and 7562 putative uncharacterized involved in biological processes, molecular functions. The identified proteins are mainly involved in infection process used to compromise nutrients or destroy host tissues, the gycosidases, transposases and cytochrome P450s genes codes to signal transduction, cell wall breakdown, transporters, host stomata perception, adhesion, polyketide synthase and cercosporin. A total of 528 simple sequence repeats were also identified from the genome sequence assembly of C. canescens. This study provides insights into pathogenic mechanism and a better understanding of virulence differentiation of C. canescens. It will also help in identification of similarity and differences in regions among the genomes of different species of Cercospora.
MUNGBEAN (Vigna radiata L.) is grown over 2.31 million ha in India with a total annual production of around 1.19 million tonnes 1, 2 . Cercospora canescens; MTCC-10835 (Eliis & Martin) is a haploid, hemibiotrophic fungus belonging to Ascomycota (Dothideomycetes; Mycosphaerellaceae), one of the most destructive groups of plant pathogens that cause cercospora leaf spot (CLS) of mungbean ( Figure 1 ). C. canescens infection is a serious problem as it can lead to significant loss (46-61%) in crop yield [3] [4] [5] . The disease spreads rapidly in susceptible varieties causing premature defoliation and reduction in the size of pods and grains 6 . Due to the evolution of new pathogenic variants of C. canescens (NFCCI 2370), many mungbean genotypes have become susceptible or show moderate response to the pathogenic nature of this fungi 7, 8 . CLS is of particular concern in South East Asian countries, viz. India, Pakistan, Thailand, Philippines, Sri Lanka, Myanmar and Bangladesh; where the infection is widespread and mungbean is among the principal legumes 9, 10 . In India, CLS was reported 11 to be an issue in majority of mungbean-growing states and even rose to epidemic proportions in Uttar Pradesh from 1934 and 1941. The isolation and detection of C. canescens is difficult due to its slow growth and poor sporulating nature in culture media 12 . The latter can be explained as sporulation of C. canescens is based on isolates rather than influenced by culture conditions 13 . The pathogen produces a photo-activated perylinquinone toxin called cercosporin, which helps the fungus to obtain its nourishment by killing host cells 14 . The Cercospora species are classified by their morphological characteristics and have been sorted into more than 5000 anamorphic species. The present DNA sequence data available in gene banks are partial and insufficient for species identification. However, recent phylogenetic studies have recognized several species complexes within the teleomorph genus, Mycosphaerella Deighton. Such studies on partial sequences were done using the internal transcribed spacer (ITS), though the ITS region lacks resolution to distinguish most Cercospora species. Phylogenetic studies based on partial sequences from the intervening 5.8S rRNA, actin, calmodulin, histone H3 and translation elongation factor 1-alpha genes used in multi-locus sequences have been one of the most effective ways to genetically recognize different species of Cercospora. However, this approach is inappropriate to recognize the host range of Cercospora species without extensive pathogenicity tests, though it does provide a basic understanding of the identity of a particular strain in question 15 . In light of these difficulties for the proper classification of Cercospora, the elucidation of the draft genome sequence will provide insight to better understanding the various biosynthesis pathways. Genes involved in various molecular functions, including cercosporin biosynthesis need to be explored in order to understand the role of secondary metabolites in pathogenesis 16 . Another difficulty in controlling the spread of this pathogenic fungus is the development of gradual resistance against the applied fungicides (benzimidazoles: benomyl, carbendazim, thiophanate-methyl; demethylation inhibitors: tebuconazole, propiconazole, myclobutanil and triflumizole) 17, 18 . To resolve the problem of fungicide resistance and for screening of new fungicides against pathogen infections, it is important to study the genetic expression involved in pathogenesis and virulence.
The genomic sequence of C. canescens will enable the detection of species and open avenues to several thousands of genes that play an important role in the production of secondary metabolites, mechanisms of pathogenicity, virulence and other important molecular functions. It will also provide an opportunity for comparative analyses of C. canescens with other species of Dothideomycetes.
Materials and methods

Strain, growth conditions and genomic DNA isolation
C. canescens (MTCC-10835) was isolated from an infected leaf of a mungbean plant at Banaras Hindu University (BHU), Varanasi, India 8 . The fungus was cultured at 25C for 12 days in liquid potato dextrose medium. DNA was extracted by CTAB method, as previously described 19 .
Sequencing and assembly
The sequencing was performed by a commercial service provider (Genotypic Technology, Bangalore, India) using the Genome Analyzer GAIIx (Illumina Inc., San Diego, CA). The sample was processed individually for short and long inserts. Sequence assembly was performed with Velvet (v. 1.2.07) tool. Raw reads were subjected to quality control using SeqQC (http://genotypic.co.in/SeqQC.html).
Gene prediction and annotation
The optimal hash length contigs were selected for gene prediction using the Augustus tool 20 . The predicted proteins were subjected to BLASTp analysis against nonredundant (nr) protein sequences of the Ascomycota group using NCBI database 21 . The non-redundant gene bank databases, including coding sequence (CDS) translations, protein data bank (PDB), Swiss-prot, protein information resource (PIR), protein research foundation (PRF) and excluding environmental samples from whole genome sequence (WGS) projects were used as default parameters. The functional annotation was performed using the gene ontology database 22 for molecular function, biological processes and cellular components.
Identification of simple sequence repeats
The simple sequence repeats (SSRs) were mined in the genome sequence using the micro-satellite identification tool (MISA) available under http://pgrc.ipk-gatersleben. de/misa and the SSR Locator 23, 24 programs at least ten repeats for mono, six repeats for di, five repeats for tri, tetra, penta and hexa-nucleotides. The Primer3 program 25 was used to design the primers pair for the identification of SSRs, with annealing temperature (T m ) between 57C and 60C, product size between 102 and 500 bp, primer length between 18 and 24 bp, and GC content between 40% and 60%.
Phylogenetic relationship of candidate genes
The phylogenetic relationship was performed with mitogen activated protein kinase (MAPK) and isocitrate lyase (ICL) gene sequences. The homologous sequences were retrieved from the NCBI database and Fungal Genome portal available at the Joint Genome Institute, US, Department of Energy (JGI, DOE; http://jgi.doe. gov). The amino acid sequences were aligned with ClustalW 26 and an UPGMA-based phylogenetic tree was constructed using MEGA5.01 (ref. 27 ) with a bootstrap value of 1000. A relationship was established with C. zeaemaydis (Tehon and Daniels) as a closely related species to classify C. canescens and another two species of Mycosphaerella. Other members of the class Dothideomycetes: Zymoseptoria tritici (Fuckel) J. Schröt, Phaeosphaeria nodorum (E. Müll.) Hedjar and Leptosphaeria maculans (Sowerby) P. Karst, were also used for comparison. Similar homologs of MAPK and ICL genes from eight different fungal species were individually subjected to protein signature testing using the Inter ProScan server 28 . The protein sequences for each gene were used for multiple sequence alignments and phylogenetic classification.
Results and discussion
Genome sequencing and assembly
The shotgun sequence of the C. canescens genome (~33.97 Mb) consists of 8239 curated contigs. These contigs were collectively deposited to the National Centre for Biotechnology Information (NCBI) under accession number ANSM00000000 (Table 1 ). The raw reads were deposited in the Sequence Read Archive (SRA) database of NCBI with accession number SRX209601. A total of 22.14 million reads (2.8 Gb) were generated by the Genome Analyzer IIx system (Illumina Inc., San Diego, CA). The high quality scores (also known as the Q-score) with greater than 20 bases were numbered more than 93.06% in the forward and 85.45% in the reverse paired end reads. The percentage of unresolved bases (Ns) was observed to be minimal (0.162% in forward read and 0.345% in reverse reads). The results also show that the average Q-scores are above 30 bases and up to the 76 base positions (Figure 2 a) . The sequence assembly of the processed reads provided the minimum contig length of 105 bp and maximum of 79323 bp using Velvet (V2.1.07) 29 . These high-quality processed paired end reads were used to assemble the contigs. The number of contigs with >200 bp was 6606 and contained 59.90% of the sequence, whereas the number of contigs with >10 kb was 1119 and comprised of 10.15% of the total assembly (Figure 2 b) . The GC content observed was 26% and 25% respectively (Figure 2 c) . The higher N50 value represents better assembly. Hence our sequence assembly can be assumed to be of high quality, as 13,944 N50 bases were present 30 . 32 . From these, 2842 were homologous to characterized proteins, 223 showed predicted proteins and 7562 were found similar to putative uncharacterized proteins. The putative orthologous genes were found to be involved in several different pathways, including cellular and molecular processes, seemingly conserved in C. canescens. In addition, many C. canescens proteins showed homology to uncharacterized, predicted and annotated proteins. Gene ontology (GO) terms were assigned to the putative C. canescens proteins, which showed significant similarity to Ascomycota. A total of 12,027 proteins were assigned at least one GO term, among which 3798 were assigned in the biological process category, 5582 in molecular function and 2647 in the cellular component category (see Additional file 1 online). For biological processes, top ten GO annotation proteins were taken to generate a functional annotation graph, including metabolic (723), transport 
Functional annotation
Pathogenicity and virulence associated genes in C. canescens
C. canescens is a highly pathogenic plant fungus. Therefore, it has a number of genes associated with the host-pathogen interaction. We have identified the pathogen-host interaction (PHI) genes from pathogen-host interaction database (http://www.insilicogenomics.in/ ccvir/ccvir.html; see Additional file 2 online). The role of these genes in pathogenesis, breakdown of cell wall, signal transduction, adhesion and cercosporin production is well studied in other plant pathogenic fungi like Cercospora nicotianae and C. kikuchii. The MAP kinases (EC 2.7.11.24) are a family of serine/threonine-specific protein kinases, which are evolutionarily conserved in eukaryotic organisms. These kinases are activated through protein kinase cascades and respond to diverse external stimuli 33 . Notably, the MAPKs are well established in regulating morphology and virulence in C. zeae-maydis 34 . Targeted disruption of CZK3 suppressed gene expression was predicted to participate in cercosporin biosynthesis and consequently abolish-cercosporin production in C. zeae-maydis. The homologs of CZK3 (ANSM01001723.1) were found in C. canescens 35 . Similarly, in M. grisea, deletion of the MAPK homolog, OSM1, induces pleiotropic effects, including osmotic sensitivity, reduced conidiation and over production of appressoria 36 . Host invasion begins with the emergence of a germ tube from the conidium, followed by appressorium formation 37 . A PMK1-deficient mutant of M. grisea is unable to develop the appressoria in rice plants and hence becomes nonpathogenic. Therefore, appressorium formation was found to be specifically regulated by PMK1 in response to surface signals and is also necessary for invasive growth. The later stages of plant penetration are regulated by MAP kinase and PMK1 (ANSM01002982.1) 38 . Further, these data suggested that the C. canescens genome encodes a large repertoire of pathogenicity associated genes. A fungal pathogen requires cell wall degrading enzymes and toxins to enable their pathogenicity and virulence in host plants. The genes encoding cell wall-degrading enzymes such as cellulase, xylanase, catalase, cutinase, glucosidase, extracellular lipase and cellobiohydrolase were found in the WGS data (see Additional file 1 online). About 127 families of glycoside hydrolases (GHs) were reported based on the amino acid sequences in the CAZy database 39 . GHs were reported to be involved in the breakdown of glycosidic bonds between two or more carbohydrates or between a carbohydrate and a non-carbohydrate moiety 40 . The C. canescens genome encodes 44 CAZymes, including 20 GHs from 11 families, 20 carbohydrate esterases (CE), one carbohydrate binding module (CBM), one glycosyl transferase (GT) and two isocitrate lyases (ICL). Notably, there is a comparative number of GHs in C. canescens and other plant pathogenic fungi (Table 2 ). There are three endoglucanases (GH5, GH17, GH61-putative), one cellobiohydrolases (GH7), 23 -glucosidases (GH3, GH5) and nine -glucosidases (GH 13, GH 31, GH 71, CBM20) for the hydrolysis of cellulose. Six CE5 candidate cutinases have been found in the whole genome, indicating that these are critical for determining initial entry.
Signal transduction
Signal transduction is an important part of fungal development, pathogenicity and virulence in many plant pathogenic fungi 41 . The pathogenicity related signalling pathways are essential for relaying information through cell surface receptors 42 . In M. grisea appressorium, differentiation takes place by the PHI protein PTH11-like GPCR (G-Protein-Coupled Receptor), which has been reported to regulate responses on the plant surface 43 . Similarly, 44 PTH11-like GPCRs were reported in M. phaseolina (Tassi) Goid 41 , though no putative PTH11 like GPCRs were found in the C. canescens genome. A total of 158 protein kinases were found in C. canescens, which is greater than the average (131) as reported in other ascomycetes fungi ( Table 2 ). The protein kinases in C. canescens may be playing a functional role in PHI and pathogenicity 16 . The identification of CRP1 was accomplished as light is required by C. zeae-maydis in order to perceive the stomata and reorient growth during leaf infection. This gene encodes a putative blue light photoreceptor homologous to white collar-1 (WC-1) of Neurospora crassa 16 . Surface recognition and appressoria initiation are dependent on adenylate cyclase MAC1 (ANSM01005037.1). Early research revealed that deletion of the MAC1 gene blocked appressorium formation in M. grisea. The catalytic subunit of cAMP-dependent protein kinase A (ANSM01006797.1) is also required for appressoria formation and penetration. Furthermore, the C. canescens genome contains hetero-trimeric G-proteins (ANSM01004170.1), which could also contribute to the pathogenic signalling pathways 44 .
Secondary metabolic pathways
A diverse range of secondary metabolites is produced by many plant pathogenic fungi, which are required for pathogenicity such as host non-selective toxins 14 . We identified 25 putative secondary metabolites in C. canescens compared to 75 in the M. phaseolina genome, 32 in M. grisea, 37 in Botrytis cinerea Pers., 29 in Sclerotinia sclerotiorum (Lib.) de Bary and 37 in Fusarium graminearum (Schwein.) Petch. There are 24 genes predicted to encode polyketide synthases (PKS) compared to 23 PKS genes in M. grisea and 35 in M. phaseolina. In addition, several -ketoacyl synthase, acyl carrier protein, acyltransferase and thioesterases (IPR000794) involved in biosynthesis of polyketide have been identified 45 . Ten non-ribosomal peptide synthetases (NRPS) were found in C. canescens, which may catalyse the production of cyclic peptides, including numerous toxins; however in M. grisea, only six NRPS genes and eight hybrid PKS-NRPS are present (Table 2) .
Transport and detoxification of secondary metabolites
Several detoxification-related homologs such as cytochrome P450 (IPR001128), Cof protein (IPR000150) and Cu/Zn superoxide dismutase (IPR001424) are present in the C. canescens genome. The MFS transporter (63) acts MP  FO  FG  MO  BC  SS  NC  AN  AF  PCH  PP   Fungal-specific transcription factors  45  156 101  192  95  118  90  89  209  169  65  63  C2H2 zinc finger transcription factors  3  66  73  85  58  48  54  63  58  51  77  42  Zn2/Cys6 transcription factors  20  113 370  376  155  142  108  110  307  230  146  118  Major facilitator superfamily  63  270 352  274  198  225  167  110  279  232  141  184  Cytochrome P450  41  256 178  112  137  129  93  40  116  74  155  236  Pth11-like G-protein coupled receptor  1  44  55  51  60  22  23  28  39  15  14  26  Protein kinases  158  140 160  129  129  124  164  111  127  131  106  56  Histidine kinase  11  1  37  20  6  3  5  8  12  6  19  24  Heterokaryon incompatibility  4  65  82  88  41  59  34  45  7  8 to transport cercosporin from the inside of cells to the outside, which helps the fungus to cope with the self-produced toxin 46 . The homologous gene, CRG1 (ANSM01006634.1) encodes the cercosporin toxin resistance protein, which also defends against self-produced toxin present in C. canescens. The C. canescens genome encodes 534 transporter genes, and majority of them are similar and catalogued in the PHI-database; however, 41 ABC superfamily members have been found. For example, dehydrogenases (306), monooxygenases (226) and cytochrome P450s (41) were found in C. canescens. The C. canescens genome contains five glucose and galactoside transporters, whereas the M. phaseolina genome has only one and F. graminearum has 12, suggesting that these genes could be generally important for establishing a plant-fungus relationship (see Additional file 1 online).
Phylogenetic classification
For phylogenetic classification, two important candidate genes (ICL and MAP kinase) were studied to infer an evolutionary relationship among members of Dothideomycetes and other related Ascomycetes. Eight closely related fungal species were used for a homology search to infer a phylogenetic relationship. Based on the MAP kinase sequence, the phylogenetic classification of the fungal species was made into two major clusters (I and II).
C. canescens and C. zeae-maydis, the two anamorphic species of Mycosphaerella, show a close relationship to each other. Five fungal species were grouped together in a major cluster (I) and further divided into two sub-clusters 1.1 and 1.2. C. zeae-maydis (jgi Cerzm1116595), C. canescens (ANSM01005206.1) and M. fijiensis Morelet (jgi Mycfi2211094) were grouped in sub-cluster 1.1, whereas M. graminicola (Fuckel) Schröt (jgi Mycgr3 34612) and Z. tritici (XP003855965.1) were grouped together into sub-cluster 1.2. In major cluster II, L. maculans (Sowerby) Karst (XP0086ZF1.1), Pyrenophora teres f. teres Drechsler (XP 003296534.1) and P. Nodorum (Müll.) Hedjar (XP001796025.1) were grouped with each other. C. canescens (ANSM01005206.1) was closely similar to C. zeae-maydis (jgi Cerzm1 116595) with 70% tree topology and both species were closely related to M. fijiensis (jgi Mycfi2 211094) with 99% tree topology and falling in cluster I (sub-cluster 1.1). M. graminicola (jgi Mycgr334612) and Z. tritici (XP 003855965.1) were grouped together with 100% tree topology and falling in cluster I (sub-cluster 1.2). In cluster II, three species, L. maculans (XP 0086ZF1.1), P. teres f. teres (XP 003296534.1) and P. nodorum (XP 001796025.1) were grouped together. P. teres f. teres (XP 003296534.1) and P. nodorum (XP 001796025.1) depicted 71% tree topology, whereas L. maculans (XP 0086ZF1.1) depicted 100% tree topology (Figure 4) . 
Identification of SSRs
SSRs or microsatellites are short repeat sequences of 2-6 bases that are important molecular markers in a wide range of genetic and genomic applications. A total of 528 SSRs were identified in 11,028 contigs. Trinucleotide SSRs were the most abundant, accommodating 56.93% of the total identified SSRs, followed by di-nucleotide (15.49%), penta-nucleotide (11.58%), tetranucleotide (10.28%) and hexa-nucleotide (5.22%). Pentanucleotide repeats were found with a maximum threshold of seven, whereas di-nucleotide repeats were given a maximum threshold of 27. Tetra-nucleotide and hexanucleotide repeats were given a minimum threshold of three 47 (see Additional file 3 online).
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